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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use
would not infringe privately owned rights. Reference therein
to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise
does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government
or any agency thereof. The views and opinions of authors
expressed therein do not necessarily state or reflect those of
the United States Government or any agency thereof.

All 'images in this report were created by NETL, unless
otherwise noted.
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BIC
Btu
CC
CH,
co,
CO.e
co2u
DAC
DF
DOE
DS
EIA
EIO
EIOLCA

EOR
EPA
EROI
FRCC

GHG
GWP
H,S
HDPE
IGCC

ILCD
IPCC
ISO

kg
km
kKWh
LCA
LCI
LNG

Best-in-class

British thermal unit
Carbon capture

Methane

Carbon dioxide

Carbon dioxide equivalent
Carbon dioxide utilization
Direct Air Capture
Documentation file
Department of Energy
Data summary

Energy Information Administration
Economic input-output

Economic input-output life cycle
assessment

Enhanced oil recovery
Environmental Protection Agency
Energy return on investment

Florida Reliability Coordinating
Council

Greenhouse gas
Global warming potential
Hydrogen sulfide
High-density polyethylene

Integrated gasification
combined cycle

International Reference
Life Cycle Data System

Intergovernmental Panel
on Climate Change

International Organization
for Standardization

Kilogram

Kilometer
Kilowatt-hour

Life cycle analysis
Life cycle inventory
Liquefied natural gas
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NERC
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PEF
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SERC
SF¢
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SubPC

Mission Execution and
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Megajoule

Midwest Reliability Organization
Megawatt

Megawatt-hour

Nitrous oxide

National Energy Modeling System
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National Energy Technology
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Natural gas combined cycle
Nitrogen oxides

Northeast Power Coordinating
Council

National Renewable Energy
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Lead
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Principal investigator
Particulate matter
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Reliability First

Superecritical pulverized coal
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Sulfur hexafluoride

Sulfur dioxide

Subcritical pulverized coal

Texas RE Texas Reliability Entity

tonne
TRACI

U.S.
VOC
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Metric ton (1,000 kg)

Tool for Reduction and Assessment
of Chemicals and Other
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Volatile organic compound

Western Electricity Coordinating
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GLOSSARY OF TERMS

The following includes the most common terms utilized in this document. For an extensive list of definitions, please see ISO 14040
and ISO 14044. All definitions that have been derived from ISO14040/14044 are cited accordingly. Glossary terms appear in italics
the first time they are used in this document.

Allocation

Best-in-class technology

Characterization factor

Comparison Product System

Comparison processes

Contribution analysis

Construction unit process

Co-product

Co-product management

Cradle-to-gate

Cradle-to-grave
Cut-off criteria

Displacement

Elementary flows

Emitters
Energy flow
Existing plant

Functional equivalency

Functional unit
GHG analysis
Greenfield plant

Impact category

Industry standard practice

“Partitioning the input or output flows of a process or a product system between the product
system under study and one or more other product systems” [1] [2]

The method(s) of production for the CO2U process’s products in the Comparison Product System
that represent the lowest GWP per unit product

“factor derived from a characterization model which is applied to convert an assigned life cycle
inventory analysis result to the common unit of the category indicator” [1] [2]

The entire life cycle boundary of the model that will be compared to the Proposed Product
System for the CO2U project

The systems in the Comparison Product System that produce equivalent functions to the
system(s) in the Proposed Product System

LCA results delineated by unit process or life cycle stage

A system that represents a one-time effort to create a discrete piece of equipment or
infrastructure that will be used in an operational or transportation unit process, or another
construction unit process

One of the two or more products from a unit process or product system

Approach used to handle multiple products from a single product system — allocation and system
expansion are example approaches

Unit process or life cycle boundary that includes resource extraction to production gate. Cradle to
gate does not include end of life treatment

Unit process or life cycle boundary that includes resource extraction to end of life treatment

“specification of the amount of material or energy flow or the level of environmental significance
associated with unit processes or product system to be excluded from a study” [1] [2]

A co-product management method in which the system boundary is first expanded to include
each co-product. The LCA model results are generated for all systems, the multi-functional unit
is then reduced to one-product functional unit, by removing one unwanted product and related
impacts at a time until only the desired product is left

“Material or energy entering the system being studied that has been drawn from the environment
without previous human transformation, or material or energy leaving the system being studied
that is released into the environment without subsequent human transformation” [2]

Producers within the CO2U supply chain that emit greenhouse gases
“Input to or output from a unit process or product system, quantified in energy units” [1] [2]

A power plant that has has been designed, construed, and is in operation prior to the temporal
start period of the study

Two or more systems are defined to be in functional equivalency when it is determined that they
yield the same functional unit

“quantified performance of a product system for use as a reference unit” [1] [2]
An LCA that only considers one impact category: global warming potential

A new power plant that is designed without prior construction or site constraints. A greenfield
plant in this document refers to a new power plant designed to redirect or capture the carbon
dioxide from the flue gas for alternative use or geological sequestration

“class representing environmental issues of concern to which life cycle inventory analysis results
may be assigned” [1] [2]

The method(s) of production for the CO2U process’s products in the Comparison Product System
that represent the current, conventional method of production
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Input
Intermediate flows

Long-run marginal
Marginal-cost technology

Marginal capacity addition
Midpoint impact category

Multiproduct functional unit

openLCA

Operational unit process
Output

Principal investigator
Producer

Product flow

Product system

Properties

Proposed Product System
CO02U process

Reference flow
Reference unit process

Retrofit plant

Sensitivity analysis

System boundary
System expansion

Technosphere flow

Tracked flow
Transportation unit process
Uncertainty analysis

Unit process
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“Product, material or energy flow that enters a unit process” [1] [2]

“product, material or energy flow occurring between unit processes of the product system being
studied” [1] [2]

Technology used to provide next MWh of electricity supply to the power grid in a given region

The method(s) of production that the CO2U process’s products or functions will displace from the
market on a cost-basis in the Comparison Product System

Forecasted addition of power generation technologies to the U.S. sector for a given year

An impact assessment measure that uses environmental inventory data, but stops short of an
assessment measure that goes all the way to the endpoint impact. For example, GHG emissions
(e.g., CO2 and CH,) represents inventory data, CO2 equivalent represents a midpoint impact, and
radiative forcing represents an endpoint impact

A functional unit with more than one function, as a result of using the system expansion co-
product management method

An open source LCA software available at openica.org

A system that has continuous inputs and outputs to produce a mass or volume of product
“Product, material or energy flow that leaves a unit process”

A head researcher of a CO2U project under the U.S. DOE Carbon Utilization Program

The entity that has ownership or oversight over a process in a supply chain

“products entering from or leaving to another product system” [1] [2]

“collection of unit processes with elementary and product flows, performing one or more defined
functions, and which models the life cycle of a product” [1] [2]

Defining attributes of a product or service that help determine the appropriate functional unit
assignment

The entire life cycle boundary for the CO2U project

The system within the Proposed Product System that includes the process under control by the
principal investigator and produces the main co-product

“Measure of the outputs from processes in a given product system required to fulfill the function
expressed by the functional unit” [2]

The unit process in the system of connected unit process that everything in the system is scaled
to.

An existing power plant that has been modified after its original design and start-up to include
additional capabilities or services. A retrofit plant in this document refers to an existing power
plant that has been modified to capture the carbon dioxide from the flue gas for alternative use

“systematic procedures for estimating the effects of the choices made regarding methods and
data on the outcome of a study” [1] [2]

“set of criteria specifying which unit processes are part of a product system” [1] [2]

A co-product management method in which the boundaries of the LCA model are expanded to
include all the co-products in the system

See Intermediate flows
A unit process input or output flow that is designated for connection to another unit process
A systems that quantifies the impact of moving an input from one location to another

“systematic procedure to quantify the uncertainty introduced in the results of a life cycle
inventory analysis due to the cumulative effects of model imprecision, input uncertainty and data
variability” [1] [2]

“The smallest element considered in the life cycle inventory analysis for which input and output
data are quantified” [1] [2]
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1.0 INTRODUCTION

Capturing carbon dioxide (CO,) and placing it in permanent storage in geologic formations is an option for reducing CO, emissions,
but it may not be a viable one for all CO, emitters. For some, the added cost of capture may be too high to implement, or the geology
near the source may not be suitable for storage. In these circumstances, other options will be needed. Carbon use and reuse, or
CO, utilization (CO2U), is an alternative approach that seeks beneficial uses for captured CO,, such as using it as a feedstock in the
production of fuels, chemicals, and building materials. These uses would give CO, value that could be used by suppliers (emitters)
to offset capture costs.
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One of the principal features and challenges associated with CO2U is that the products derived from CO, must have lower carbon
footprints than their conventional counterparts. Previous assessments of CO2U alternatives have focused on the carbon content of
utilization products as an indicator of CO, equivalent (CO,€) emissions reduction potential. However, embodied emissions are—at
best—only weakly correlated with the amount of carbon contained in any physical product. Therefore, the most attractive CO2U
options will both displace the carbon in an existing product and improve the overall carbon efficiency of the manufacturing process.

Research to overcome barriers will include identifying existing co-feeds and available low-carbon energy sources to enable the
conversion of CO, to value-added products under favorable processing conditions. New discoveries in the fields of nano- and
bio-technology will be applied to efficiently utilize CO, in new applications. Development of advanced materials and processes,
integrating CO, capture with utilization processes (e.g., algae), exploring a diverse slate of products from CO, to effectively offset
capture costs and developing processes based on waste energy are means to overcome these barriers. The research will lead to
the development of advanced catalysts, materials, and equipment that can be used to convert CO, into useful products. The result
will be multiple flexible and adaptable technology platforms that can be used to produce suites of products spanning multiple
utilization pathways.

The United States (U.S.) Department of Energy (DOE), Office of Fossil Energy and Carbon Management, National Energy Technology
Laboratory (NETL) offers funding opportunities to principal investigators (Pls) developing CO2U technologies. For example, the
Funding Opportunity Announcement (FOA), Novel Concepts of the Utilization of Carbon Dioxide from Utility and Industrial Sources
(DE-FOA-0002186), states that the PI shall provide:

“The Life Cycle Analysis (LCA) required as part of the final deliverables for DE-FOA0002186
shall follow the analysis documented in the NETL report ‘Carbon Dioxide Utilization Life Cycle
Analysis Guidance for the U.S. DOE Office of Fossil Energy and Carbon Management,” known
as the CO2U LCA Guidance Document, or simply, the guidance document. The guidance
document s part of the NETL LCA CO2U Guidance Toolkit, which provides additional support for
the creation of the required LCA. The guidance document outlines the analysis requirements
and how to use the supporting data and tools.” [3]

Life cycle analysis (LCA) is an environmental assessment method for accounting for the environmental burdens from the extraction
of raw materials from the earth to production and use of the product to perform a specific function for society. LCA is the analysis
technique used by the U.S. DOE Carbon Utilization Program (formerly known as the “Carbon Use and Reuse Program”) to determine
if a project will result in lower life cycle greenhouse gas emissions in terms of carbon dioxide equivalents (CO,g) than the current
state-of-the-art option on the market. This knowledge is combined with economic and market performance data, technical risk
evaluations, and other criteria to evaluate project merit.

11 INTRODUCTION TO LCA

Life cycle analysis (LCA) is a framework that assesses the comprehensive environmental impacts of a product or service over its
lifetime. [1, 2] For the purposes of this document, the terms Life Cycle Analysis and Life Cycle Assessment shall be considered
synonymous. LCA can be applied to a wide range of products and services, from the seemingly simple system of producing a paper
bag to the large-scale generation of electricity. The life cycle of a product begins with raw material acquisition, includes production
and use of a product, and ends with waste disposal and decommissioning activities. A comprehensive LCA is referred to as a
cradle-to-grave LCA.
The following features distinguish LCA from other analytical platforms:

1. Depth and breadth of environmental impacts considered

2. Connectivity between processes

3. Comparability across systems

4, Standardized approach developed by the International Organization for Standardization (ISO)
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LCA has broad application potential from research and development (R&D) to policy. Researchers can use LCA to identify key
sources of environmental burdens in a system, thereby justifying focused research efforts. Policy makers can use LCA to evaluate
the potential consequences of national-level energy policies. LCA can be combined with other analytical approaches to identify
trade-offs between environmental and economic performance of systems.
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LCA consists of four phases as illustrated in Exhibit 1-1:

1. Goal and Scope: Defined based on the question being asked of the analysis — “depth and the breadth of LCA can differ
considerably depending on the goal of a particular LCA” [1, 2]

2. LCI — Life Cycle Inventory: Detailed accounting for the input and output flows for a process or product, includes the
necessary data collection to populate the system of study as defined by the goal and scope of the analysis

3. LCIA - Life Cycle Impact Assessment: Characterization of environmental, resource, and health impacts using the LCl
4. Interpretation: Development of summary and conclusions of the study based on the results of the LCI/LCIA

EXHIBIT 1-1. LCA FRAMEWORK (ADAPTED FROM [2])

GOAL AND SCOPE
DEFINITION

INVENTORY

ANALYSIS INTERPRETATION

IMPACT
ASSESSMENT

The principles of LCA and requirements for conducting a study have been codified in two standards by the International Organization
for Standardization (ISO):

1. 1S0O 14040:2006 - Environmental management — Life cycle assessment — Principles and framework: ISO
14040 describes the “principles and framework for LCA.” Specifically it “covers life cycle assessment (LCA) studies and
life cycle inventory (LCI) studies. It does not describe the LCA technique in detail, nor does it specify methodologies for the
individual phases of the LCA.” [1]

2. 1S0 14044:2006 - Environmental management — Life cycle assessment — Requirements and guidelines: ISO
14044 specifies requirements and provides guidelines for LCA. [2]

1.2 DOCUMENT GOALS

All of the guidance included herein complies with the ISO LCA standards (14040/14044). Additional guidance is helpful for handling
02U systems for the following reasons:

1. Ensure methodological consistency in applying the ISO standards - ISO standards provide a broad framework for applying
LCA to a wide range of applications. This can lead to inconsistency in modeling choices and results interpretation that can
confound or negate study conclusions.

2. Define study goal & scope based on project Technology Readiness Level (TRL) - There can be a lot of unknowns in the life
cycles of emerging technologies. This guidance aims to assist principal investigators with the expectations of completing
their comparative LCAs at different stages of technology development.
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The goals of the NETL CO2U Guidance Toolkit are as follows:

1. Provide LCA guidance, data, and tools to U.S. DOE Carbon Utilization Program project Pls to complete their project LCA
and documentation requirements,

2. Foster better decision-making for the Carbon Utilization Program by providing an analysis and reporting structure for the
project LCAs that allows for consistency and transparency,

3. Provide LCA guidance, data, and tools to others seeking guidance on conducting LCA in the area of CO2U, and
4., Contribute to the global discussion on CO2U LCA and LCA methods.
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1.3 WHAT IS INCLUDED IN THE NETL CO2U LCA GUIDANCE
TOOLKIT

The NETL CO2U LCA Guidance Toolkit includes the following:

1. NETL CO2U LCA Guidance Document (this document) outlines the analysis requirements and how to use the supporting
data and tools

2. NETL CO2U openLCA LCI Database is an openLCA database that includes NETL unit process data and an example

CO2U LCA

3. NETL CO2U openLCA Results Contribution Tool is an Excel template that translates openLCA results into required
charts

4. NETL CO2U LCA Documentation Spreadsheet is an Excel file that can be used to document data when not using
openLCA

5. NETL CO2U LCA Report Template is a Word report template for summarizing data and results

6. NETL CO2U openLCA Model Training Resources will be provided to Pls to aid in the implementation of their LCA in the
openL.CA modeling platform

7. NETL CO2U LCA Subject Matter Expert Support will be available to Pls as they work through all phases of the LCA
from conception to documentation.

1.4 HOW TO USE THIS DOCUMENT AND TOOLKIT

The NETL CO2U LCA Guidance Toolkit is designed to provide requirements and assistance to Pls as they complete an LCA of their
project as required by the U.S. DOE Carbon Utilization Program.

This document is meant as a supplement to, not a replacement for, the ISO LCA standards (14040/14044). 1SO 14040/14044
are necessarily general so as to apply to any potential product or system and thus, this document endeavors to provide specific
requirements necessary to complete an LCA as required by the U.S. DOE Carbon Utilization Program.

Requirements are denoted by the use of the word ‘shall.” Recommendations are denoted by the use of the word ‘should.’

This document is designed for Pls that have basic knowledge of the LCA method according to the International Standards
Organization (ISO) standards for LCA, ISO 14040 and 14044. 1, 2]

The sections of the document should be used in the following ways:

 Section 2 provides more specific guidance on the LCA method that U.S. DOE Carbon Utilization Program project Pls must
use to produce their LCAs.

» Section 3 provides guidance on using the NETL CO2U openLCA LCI Database to produce an LCA with expanded
inventory for the U.S. DOE Carbon Utilization Program.

» Section 4 provides guidance on using the NETL CO2U openLCA Results Contribution Tool to translate openLCA
results into required charts.

» Section 5 provides guidance on using the NETL CO2U LGA LCA Documentation Spreadsheet to provide documentation
for the U.S. DOE Carbon Utilization Program, mainly when not using openLCA.

 Section 6 provides guidance on what to include in the NETL CO2U LCA Report Template.
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» Appendix A provides instructions for accessing the components of the CO2U LCA Toolkit and resources for assistance
with completing the required LCA including the NETL CO2U openLCA Model Training Resources and NETL CO2U
LCA Subject Matter Expert Support.

» Appendix B provides background on U.S. DOE’s technology readiness levels (TRLS) referred to in this document.

» Appendix C describes alternative coproduct management methods for PIs wanting to generate additional results that do
not use system expansion.

» Appendix D provides supporting information for NETL's calculation of energy capacity and consumption mixes Section
2.15.

» Appendix E lists the NETL unit processes provided in the NETL CO2U openLCA LCI Database and the NETL CO2U
LCA Documentation Spreadsheet.

» Appendix F provides additional guidance on reading the NETL CO2U openLCA Results Contribution Tool generated
graphs.

1.5 MODELING AND DOCUMENTATION OPTIONS FOR U.S. DOE
CARBON UTILIZATION PROGRAM PROJECT PIS
U.S. DOE Carbon Utilization Program project Pls may model their LCA in one of three ways. The following establishes the reporting
requirements depending on this choice:
»  QOption 1: openLCA (strongly recommended)

a. Modified NETL CO2U openLCA LCI Database with project LCA and sensitivity/uncertainty analysis

b. Completed NETL CO2U openLCA Results Contribution Tool

c. Completed NETL CO2U LCA Report Template

« Option 2: Pl spreadsheet model

a. Completed NETL CO2U LCA Documentation Spreadsheet and supporting materials used outside of the software
(e.g., results interpretation spreadsheets)

b. Completed NETL CO2U LCA Report Template

* Option 3: Third-party LCA software (not openLCA)
a. Submit LCA data via one of the two methods:

i. Provide final LCA model database file and supporting materials used outside of the spreadsheet model (e.g., results
interpretation spreadsheets) with NETL

ii. If Pls do not want to provide the LCA model database for public release, submit completed NETL GO2U LCA
Documentation Spreadsheet and supporting materials used outside of the software (e.g., results interpretation
spreadsheets)

b. Completed NETL CO2U LCA Report Template
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2.0 OVERVIEW OF THE LCA STEPS AND
METHODS REQUIRED FOR U.S. DOE CARBON
UTILIZATION PROGRAM PROJECTS

This section follows the four phases of LCA as defined in Exhibit 1-1. Each section provides the necessary background and the
requirements established by the U.S. DOE Carbon Utilization Program.

2.1 GOAL AND SCOPE DEFINITION

The goal of an LCA as defined by ISO 14040 requires statement of the intended application, the reasons for carrying out the study,
the intended audience, and whether or not the results are intended to be used in comparative assertions that will be disclosed to
the public [2].
The scope of an LCA must include considerations for the following (adapted from [2]):
1. Product system to be studied
System functional and functional unit
System boundary
Allocation procedures
Impact categories selected and methodology of impact assessment
Data Representativeness

o oW

Each is described below in the following sections.

211 LCA STUDY GOAL
The specific goals of the LCA as required by this document are described below:

1. Intended application - The intended application of the LCA produced by U.S. DOE Carbon Utilization Program project Pls
is to compare the life cycle GHG impact of their project, as part of a Proposed Product System, to a Comparison Product
System. The Proposed Product System is based on the Pls project. See Section 2.1.3.2 for more on determining the
Comparison Product System.

2. Reasons for carrying out the study - to understand how the environmental impact of the CO2U technology life cycle
compares to the life cycle of a system that produces the same products.

3. Intended audience - The intended audience for LCA described herein is the U.S. DOE Carbon Utilization Program.

4., Public disclosure — The LCAs conducted as part of the FOA requirement will become part of the public record for the
award within the Final Scientific/Technical Report.

2.1.2 PRODUCT SYSTEM DESCRIPTION

The product system of study is defined as the collection of “processes with elementary and product flows, performing one or more
defined functions, and which models the life cycle of a product.” [2] An example product system is depicted in Exhibit 2-1.
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For the purposes of this guidance, the product system of interest, which includes a CO2U process, is referred to herein as the
Proposed Product System. The Comparison Product System produces the same products as the Proposed Product System using
a feedstock other than CO,.
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EXHIBIT 2-1. EXAMPLE OF AN LCA PRODUCT SYSTEM
Emissions

A

UNIT UNIT
PROCESS PROCESS
C D

UNIT
PROCESS

A

Input Flows — — Output Flows

UNIT
——— PROCESS
B =

Elementary

Intermediate

|1

Product

System Boundary

2.1.3 FUNCTIONAL UNIT OF THE STUDY

One of the primary purposes of LCA is to compare one alternative to another. Thus, a fair and standard basis of comparison must
be established in the beginning stages of an LCA. This basis of comparison is the functional unit. The functional unit shall include
all of the services and/or functions being provided by the products exiting the system boundary. The functional unit may have one or
more products exiting the system boundary. Most, if not all, CO2U projects will have more than one output flow leaving the system
boundary, this is referred to as a multiproduct functional unit.

21.31 PROPOSED PRODUCT SYSTEM

The multiproduct functional unit for the LCA, which will be conducted per this guidance, will include the product(s) of the CO2U
process and the co-product(s) that is associated with the source of CO, that is utilized by the CO2U process. If the CO2U process
yields multiple products, they will also become part of the multiproduct functional unit. For example, 1 unit of the primary product
of interest plus X units of co-product A plus Y units of co-product B (see Exhibit 2-2).

EXHIBIT 2-2. PROPOSED PRODUCT SYSTEM

Material and

UPSTREAM Energy Inputs
PROCESS(ES)

. DOWNSTREAM
Main Product PROCESSI(ES), .
WHEN . 1.0 (unit)
REQUIRED ¢ Primary Product
. of Interest,
« intermediate
: or final

v

Cco2u

Material
and

Energy
UPSTREAM Inputs
PROCESS(ES)

PROCESS

DOWNSTREAM
Co-Product PROCESS(ES),
WHEN

POWER OR CO; Product
INDUSTRIAL
PLANT

v

X (units)
» Co-Product A,
: intermediate

REQUIRED

or final

v

. Y (units)
---------------------------------------------------------------------------- Co-Product B
Multiproduct functional unit of 1.0 (unit) Primary Product of Interest,
X (units) Co-Product A, and Y (units) Co-Product B
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A life cycle model scales the inputs and outputs of all unit processes to the primary function in the multiproduct functional unit. In
the case of the previous example, that would mean that the model scales to 1 kg of product A. This is why the other products in the
example are denoted as X and Y; their final quantities are not yet known.

The multiproduct functional unit comprises all product flows, functions, and/or services provided by the system under study. The
multiproduct functional unit describes both the flows (magnitude) and defining properties of products and services provided by the
system under study. In this context, properties describe both the underlying physical relations (mass, energy, volume) and other
defining attributes (functionality, technical quality, etc.) of products and services, and may be driven by requirements in the market
for which the product or service is sold. Properties may include but are not limited to:

» Functionality, related to the primary function of the product or service (e.g., “drop-in replacement fuel,” “baseload
power”)

» Technical quality, including but not limited to the material properties, stability, ease of maintenance, and durability (e.g.,
“tensile strength of biopolymer,” “octane rating,” “energy density”)

» Other defining attributes (e.g., environmental properties, market value, energy quality)

The PIs shall adhere to the following protocol for determining the multiproduct functional unit for the U.S. DOE Carbon Utilization
Program CO2U LCA:

1. Itemize all product and service flows encapsulated within the system boundary, include flow description and magnitude.
2. Describe the defining properties of each product or service flows itemized in step 1:

a. Defining properties include but are not limited to obligatory product properties or statutes required by the market/
industry.

b. When possible, choose a function-based perspective, i.e., based on the value or critical functions fulfilled by the
products (e.g., “X megawatt-hour (MWh) of baseload power delivered” and “Y megajoule (MJ) of drop in replacement
fuel”) rather than solely based on the physical products themselves (e.g., “X MWh of electricity” and “Zkg of renewable
diesel”).

3. Assign a “long” functional unit name that includes all of the defining properties and a “short” functional unit name that
summarizes the function and can be used as shorthand in the analysis.

4. Note which of the products from the Proposed Product System is the main product to which the LCA will scale.

There are several examples that can be described in more detail that illustrate the challenge in defining an appropriate functional
unit for a given product or service. For product LCAs, a functional unit could be one unit of the product, but that is not always
the best representation of the service provided to society to enable a fair comparison. For example, the function of a household
cleaner is to clean a surface, so the amount of cleaner required to clean a specific surface size would be a fair basis of comparison
between two cleaners, because some cleaners may be less concentrated than others and require more of the product to perform
at a comparable level. Another example may be two t-shirts made of different fabrics, with one lasting longer than the other. In this
case, the t-shirt with the longest lifetime could be used to create a fair comparison. So, if it takes 2.5 of t-shirt B to reach the lifetime
of t-shirt A, the functional unit is the number of t-shirts per lifetime of t-shirt A (one t-shirt A and 2.5 t-shirt B).

In the case of a cradle-to-gate function, a plastic resin that is sold to make a myriad of products has a function that is based on its
properties. This could be as simple as the type of plastic resin that it is, such as high-density polyethylene (HDPE), but it could also
include other properties, if it is not identical to all HDPE resins. The form of the resin may also be relevant (e.g., pellets, granules, or
powders), which could affect the kind of downstream processing that can be applied to the resin.
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There is also the case of specialized products that may, for example, intend to provide multiple functions. For example, a premium
animal feed or fortified product that is intended to ultimately provide a final food product to the consumer that includes more
nutrients than the standard production of that product. In this case, the product provides the standard function (e.g., calories or
protein), but also an additional function of added nutrients (e.g., vitamin D or omega fatty acids). This will then inform how the
Comparison Product System is developed, perhaps resulting in the need for two products to achieve the same function in the
Comparison Product System (e.g., the standard food item plus a vitamin supplement). See Section 2.1.4 for more information on
determining a Comparison Product System.

Exhibit 2-3 provides a table that illustrates some example functional units that are relevant to CO2U projects. This table is not
meant to provide examples of fully explored defining properties, but rather to show the differences between cradle-to-gate and
cradle-to-grave functional units. See Section 2.1.4 to understand when it is acceptable to use an intermediate functional unit
versus final functional unit.
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EXHIBIT 2-3. EXAMPLE OF POTENTIAL FUNCTIONAL UNITS FOR VARIOUS MAIN PRODUCTS

CO2U PROCESS EXAMPLE FUNCTIONAL UNIT EXAMPLES

Main Product of the Proposed Cradle 10 Gate <----======mmmm oo > Cradle to Grave
Process

Algal biodiesel 1 MJ drop-in diesel fuel 1 MJ drop-in diesel fuel combusted 1 km vehicle travel

in a diesel engine

20 years of durable plastic product

Bioplastic resin 1 kg HDPE resin pellets 1 durable plastic product A A Use
1 km railroad construction,
Mineralized railroad ties 1 railroad tie (size, durability, and strength/compressibility) operation, and maintenance over
40 years
Formic acid 1 kg formic acid 1 kg solvent 1 application of solvent product X

as directed on product label

21.3.2 COMPARISON PRODUCT SYSTEM

Once the function of the Proposed Product System is defined, the Comparison Product System and constituent unit processes can
be determined to yield functional equivalency.

The CO2U processes is the system that is under control of the Pls. The comparison processes produces the same product or service
for each function but using a different technology or technologies than the proposed process. If a CO2U process has multiple co-
products (functions), there will be a comparison process for each co-product. Note that “CO2U process” and “comparison process”
is different from “Proposed Product System” and “Comparison Product System” in this document. Proposed Product System and
Comparison Product System include the entire life cycle boundaries, while the CO2U process is limited to the unit processes
that produce the primary product of interest of the LCA in the proposed product system. The comparison processes are the unit
processes that produce the same co-products as the Proposed Product System. Therefore, the CO2U process resides within the
Proposed Product System (see Exhibit 2-2) and the comparison process resides within the Comparison Product System (see
Exhibit 2-4).
EXHIBIT 2-4. COMPARISON PRODUCT SYSTEM

Material and COMPARISON Main DOWNSTREAM .
UPSTREAM Energy Inputs l0Je =Y o  Product PROCESSI(ES), . .

PROCESS(ES) THE MAIN WHEN + 1.0 (unit)
. PRODUCT REQUIRED * Primary Product
. « of Interest,
. Material * intermediate
and » or final
. Energy COMPARISON DOWNSTREAM .
. UPSTREAM Inputs COMPARISON PROCESS Co-Product PROCESSI(ES), N .
Sl PROCESS(ES) PROCESS FOR FOR THE WHEN < X (units)
: PRODUCT B CO-PRODUCT REQUIRED * Co-Product A,
: « intermediate
. * orfinal
. ° Y (units) "

Multiproduct functional unit of 1.0 (unit) Primary Product of Interest,
X (units) Co-Product A, and Y (units) Co-Product B

Co-Product B

Determining the “state-of-the-art pathways” for comparison to the Proposed Product system products or services will vary depending
on the TRL of the Proposed Product System products or services and data availability to represent the Comparison Product System
products or services. The following hierarchy outlines the TRL and data availability requirements for defining Comparison Product
System products or servies. Pls with project TRLs of 7 or higher shall use marginal-cost technologies for the comparison processes.
Pls with project TRLs of 1-6 shall use the following hierarchy for determining the type of technology for inclusion in the Comparison
Product System to ensure functional equivalence. This hierarchy shall be considered individually for each of the products/services
produced in the Proposed Product System.

1. Marginal-cost technology: Choose the method of production that the CO2U process product or service will displace
from the market on a cost-basis. If sufficient data is not available to determine the marginal-cost technologies for the
comparison process, then identify the best-in-class (BIC) technology.

2. Best-in-class (BIC) technology (GHG-performance): Identify the method of production for the CO2U process product
or service that represents BIC GHG performance (i.e., lowest GWP per unit product). If sufficient data is not available to
determine the BIC technology for the comparison process, then identify the average greenhouse gas technology.
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3. Average greenhouse gas technology: Identify the profile that represents the average GHG performance for the same
geographical region (e.g., United States) as the Proposed Product System. Average shall be calculated as the production-
weighted average of the facilities, such that the GHG emissions from facilities producing the most product have the most
influence on the average. Or in other words, this would be the total GHG emissions across all facilities divided by the
total product across all facilities. If sufficient data is not available to determine the US Average GHG technology for the
comparison process, then identify the industry standard practice technology.

4. Industry standard practice technology: |dentify the method(s) of production for the CO2U process product or service
that represents standard industry practices for production. A standard industry practice is defined as a technology that
contributes a significant amount to the total production of a product or service. A significant amount of production is at
least 30% of production. If there is more than one significant standard industry practice, a weighted average by production
of all of the significant standard industry practices shall be used.

5. Repeat this hierarchy until comparison technologies have been identified for all of the products/services from the Proposed
Product System.

The chosen technology will be referred to as the comparison technology or the state-of-the-art pathway in the rest of the guidance
document. Note that additional guidance on selecting the marginal-cost technology for the comparison process for the co-product(s)
generated by the CO, source that produces the CO, product in the Proposed Product System is provided in Section 2.1.5.

2.1.4 SYSTEM BOUNDARY

A complete LCA is a cradle-to-grave analysis, with a boundary that begins with the extraction of raw materials and ends with the
consumption or disposal of the final product (end of life). In some instances, a partial LCA that calculates cradle-to-gate results is
appropriate if functional equivalency between the Proposed Product System and Comparison Product System can be determined
without modeling the complete life cycle (see Exhibit 2-3). This is acceptable within this guidance with proper justification of
functional equivalency. However, partial LCA results should be used with care because they do not represent a complete life cycle
perspective.

Establishment of functional equivalency between the Proposed Product System and Comparison Product System at an intermediate
point in the life cycle and alignment with the goals of a study are reasons for using a cradle-to-gate analysis. For example, in the
case of a CO2U process that produces intermediate chemicals,® the final product made from the intermediate chemicals may not
yet be known. In this case, conducting a cradle-to-grave LCA would require accounting for all possible final products as well as
the likelihood of manufacture in comparison to one another. A weighted LCA accounting for the suite of final products could be
an option. This could potentially become a cumbersome or near impossible activity due to knowledge gaps. If the Pls do not know
what a final product will be and cannot characterize the suite of options due to knowledge gaps or future market uncertainty, the
Pls may truncate at the intermediate level for the product/function in question. When truncating the system boundary of the study,
it is critical that only processes that follow after the point of functional equivalence is reached be considered for truncation. All
processes, even if similar, in the system boundary prior to the point of functional equivalency must be included in both the Proposed
and Comparison Product System boundaries.

For instance, the PIs may find that when they draw the complete boundaries for the Proposed Product System and Comparison
Product System there are portions of the life cycle where the two product systems use identical unit processes with identical input
and output quantities. For example, if a CO2U process makes plastic resin that is turned into a product and the Comparison Product
System makes the exact same plastic resin that is turned into the same product, the processes downstream of resin production
will be identical. In these cases, the Pls can exclude the downstream unit processes from the life cycle, because, mathematically,
the results would cancel each other out in the comparison. However, this cannot be done if the unit processes are connected to
downstream unit processes that are not identical. Additionally, if the unit process being considered for exclusion is the unit process
that creates the functional unit, then the functional unit will need to be changed as well and the new functional unit must be valid.
The drawback of truncating the life cycle is that the ratio of the calculated difference between the two product systems changes,
because the total has changed, directly impacting the interpretation and utility of the results.
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For the purposes of this guidance document for the U.S. DOE Carbon Utilization Program, the key metric is “a life cycle GHG
reduction potential of the products(s) and technology (on a percentage reduction basis) relative to current state-of-the-art pathways.”
Because this metric does not require a stated percent reduction in life cycle GHG emissions (e.g., 10% lower than the state-of-
the-art pathways) and only a better-or-worse-than decision reported in terms of a percent reduction basis, truncation of the system
boundary is acceptable.

a Intermediate chemicals are chemicals that are not final chemicals for consumer use and must undergo further processing or are used as an input to another process to make
a marketable product that provides a service to society.
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The Pls shall illustrate Proposed Product System and the Comparison Product System diagrams based on the goal and scope
(Section 2.1) of the LCA study while ensuring equivalent functions are provided by both product systems. These diagrams will
inform the direction of research for data development and life cycle boundary development. Quantities of inputs and outputs may or
may not be known at this stage. If either the Proposed Product System or the Comparison Product System includes an input that is
a waste product, the alternative fate of that waste product needs to be included in the other product system. For example, if mining
waste is an input in the Proposed Product System for making mineralized building products, the Comparison Product System needs
to include the alternative fate of the mining waste such as the impacts of disposal of that waste.

The PIs shall illustrate the final system boundary of the Proposed Product System and the Comparison Product System based on
any changes that have occurred during data development. For example, there may be additional parts of the life cycle to show or
additional co-products/functions to include. openLCA can be used to create the product system diagram automatically or alternative
software can be used to manually create the product system diagrams.

Note that product system diagrams are schematics of the relevant supply chains inclusive of both operations and construction
thereof. For instance, unit process flow diagrams often include construction unit processes that feed into operational unit processes.

2.1.5 CARBON DIOXIDE SOURCE

The upstream CO, source choice affects the analysis results. CO, can be sourced from flue gas or captured CO, from greenfield
plants, existing plants, or air. The CO, source can be power plants, industrial sources, or direct air capture (DAC) plants. The choice
of upstream CO, source influences the definition of the Comparison Product System as part of the goal and scope phase of the
study.

The modeling framework established within these guidelines is demonstrated based on a coal-fired power plant example as the
CO, source. Most CO2U projects will have a minimum of two products exiting the system boundary. This is because the source of
the CO, material input into the CO2U project (e.g., coal-fired power plant)® is included within the system boundary and that source
likely co-produces CO, and other products. By default, Pls shall model the Proposed Product System inclusive of the CO, source
capturing the CO, and all non-CO, coproducts produced from the CO, source. Exhibit 2-5 demonstrates the Proposed Product
System for a coal-fired power plant with an electricity co-product.

EXHIBIT 2-5. PROPOSED PRODUCT SYSTEM WITH CO, FROM COAL POWER PLANT

Material and

) DOWNSTREAM .
UPSTREAM Energy Inputs Main Product PROCESS(ES), . >
PROCESS(ES) WHEN . 1.0 (unit
REQUIRED * Primary Product
co2u . of Interest,
PROCESS + intermediate
Material and DOWNSTREAM . orfinal
UPSTREAM Energy Inputs CO; Product Co-Product PROCESS(ES) .
PROCESSI(ES) . >
WHEN ° X(units)
REQUIRED +  Co-Product A,
. intermediate
« orfinal
------------------------------------------- r................................... kah
Multiproduct functional unit of 1.0 (unit) Primary Product of Interest, Electricity

X (units) Co-Product A, and Y kWh Electricity
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Understanding where anthropogenic CO, is obtained from and in what form is necessary to determine the appropriate comparison
process for the associated co-product(s). Common sources of marketable CO, from anthropogenic sources may include, but are
not limited to, industrial sources; such as, natural gas processing plants, hydrogen production plants, ammonia plants, ethanol
plants, and ethylene oxide production plants; electricity generating units, such as, coal, natural gas, oil, some geothermal systems;
and atmospheric CO, capture systems, such as Direct Air Capture (DAC) and enhanced weathering with regenerative capture
material. Information about the CO, source is necessary to design the LCA study, specifically, the properties of the CO, input to the
utilization process (aka, the output from the CO, source) as either a diluted CO, product such as combustion flue gas or atmospheric
CO,, herein referred to as Flue Gas, or a high purity CO, stream resulting from equipment designed to capture, concentrate, and
compress the CO, or selective industrial sources designed to remove CO, from an intermediate or product stream, such as a natural
gas processing plant, hydrogen production, ammonia production, and ethanol production.

b This guidance explained the modeling approaches using a coal-fired power plant as an example. The methodology and application can also be applied to other sources of
anthropogenic CO2 obtained for use as a material input to a CO2U project.
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For example, in the case of combustion-based power plants that utilize carbon resources to produce electricity as the primary
product, there are several defining characteristics that need to be determined as shown in Exhibit 2-6: (a) Flue gas or (b) Captured
CO,. Within each of these options, a number of different configurations can be analyzed, depending on the system in place.
Regardless of the state in which the CO, is received (i.e., dilute (flue gas) or compressed and concentrated (captured) from the
CO, source), choices must be made as to the type of facility from which it originates. For flue gas, the source of CO, can be a
Greenfield Plant or an Existing plant. A Greenfield Plant is defined as a facility originally designed and commissioned with carbon
capture technology. In contrast, an Existing Plant, also referred to as a Retrofit Plant, is a facility that was modified after the original
construction and commissioning of the facility to be equipped with carbon capture technology.

For illustrative purposes within this document, it is assumed that the greenfield plant would use supercritical pulverized coal (SCPC)
technology and the existing plant would employ subcritical pulverized coal (SubPC) technology. Specific examples are provided
below for each of the potential options.

The choice of CO, source will depend on the CO2U project’s CO, input requirements, site-specific requirements, and technical
requirements. The Pls shall document the justification for the selection of CO, source in the goal and scope of the LCA report. If
only the choice of diverted (dilute) flue gas or captured (concentrated) flue gas is known at the time of conducting the LCA, then
the “Greenfield Plant” option shall be selected for comparative analysis. This choice is considered the default NETL CO, source.

If the DOE FOA-specific requirements define the source of CO,, a representative profile shall be utilized. If a specific profile is not
provided in the FOA nor a representative profile available within this Toolkit, the Pl will need to create a representative product system.
If the PI determines the provided CO, source profile not to be representative for the proposed product system (e.g., a regional or
site specific source of CO, is known), the PI shall model the system with the FOA-recommended product system CO, source profile
and model an alternative scenario using the PIs representative product system upstream CO, sources and co-products. A written
justification shall be provided for each additional product system describing its purpose and preference if deemed more relevant
than the required NETL CO, source scenario specified in the FOA. The following carbon dioxide specifications shall be used if no
site-specific conditions exist: NETL Quality Guideline for Energy System Studies: CO, Impurity Design Parameters, NETL/DOE-
341/011212. [5]

Depending on the maturity of the project of study, the exact source of CO, may or may not be known. Exhibit 2-7 provides guidance
on which scenarios to model depending on the answer to the following question—is the specific source of CO, known? Exhibit
2-8 includes a summary of the guidance for the various options described in this section.

EXHIBIT 2-6. POSSIBLE ELECTRICITY CO-PRODUCT OPTIONS BASED ON SOURCE OF CO,

CAPTURED CO,

FLUE GAS
| |
GREENFIELD EXISTING GREENFIELD RETROFIT
PLANT PLANT PLANT PLANT
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EXHIBIT 2-7. MODEL DESIGN REQUIREMENTS FOR SOURCE OF CO,

IS THE SPECIFIC SOURCE OF
CO, KNOWN?

YES

NO

Model appropriate technology and Model greenfield scenario

provide justification

EXHIBIT 2-8. SUMMARY OF GUIDELINES FOR CONSIDERING CO-PRODUCT(S) BASED ON TYPE OF CO, INPUT
TO THE CO2U PROJECT- EXAMPLES BASED ON A COAL-FIRED POWER PLANT ARE IN ITALICS

CO, STREAM TYPE  PLANT TYPE PROPOSED PRODUCT SYSTEM COMPARISON PRODUCT SYSTEM
Flue Gas Existing or greenfield Same plant with flue gas diversion Equivalent plant with no flue gas diversion
Coal-fired power plant with flue gas diversion Coal-fired power plant with no flue-gas diversion
Captured CO, Greenfield (SCPC) New plant with CO, capture Marginal-cost technology (for proposed product
system at TRL 7 or higher)
Coal-fired power plant with CO, capture Follow technology selection hierarchy (for proposed
product system at TRL 1-6)
Direct air capture facility (designed for CO, Mix of technologies from capacity expansion model
capture from the atmosphere) corresponding to year of deployment
Retrofit with derate Same plant with CO, capture producing less Plant with no CO, capture
(SubPC) co-product(s) due to derate; include addition of
product(s) to match output from Comparison
Product System

Same power plant with CO, capture producing Power plant with no CO. capture
less electricity due to derate; include addition of

electricity generation mix to match output from

Comparison Product System using data from

Appendix D
Retrofit with no derate ~ Same plant with CO, capture Plant with no CO, capture; addition of co-product(s)
(SubPC) to match output from Proposed Product System
Same power plant with CO. capture Power plant with no CO. capture; addition of

electricity generation mix to match output from Pro-
posed Product System using data from Appendix
D

* Note: If the CO2U project has established a contractual relationship with a coal-fired power plant CO, provider, the plant-specific performance
characterization shall be modeled as an alternative product system recommended as the comparison System for project evaluation. The NETL
default model design shall still continue to be included in the LCA study as the primary product system for comparison.
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21.51 FLUE GAS DIVERSION OPTION

In the case where flue gas from a plant is diverted for downstream utilization, no large-scale changes to the plant occur, and it will
continue to produce the same amount of product(s) at the same production cost. Therefore, its behavior in the market remains
unchanged. Both the greenfield plant and existing plant options for flue gas diversion are modeled and compared in the same
manner when applying system expansion within the LCA modeling approach. The Proposed Product System shall include a plant
with flue gas diversion, while the Comparison Product System shall contain the same plant without flue gas diversion (see Exhibit
2-9). Any energy requirements required for preprocessing the flue gas stream (e.g., impurity removal) for the CO2U process shall
be considered only in the Proposed Product System as part of the CO2U project using average energy profiles representative of
the specified geographical region. If the CO2U project includes the capital and operating expenses for providing on-site electricity
generation and preprocessing of the flue gas stream physically occurs at the CO2U project location, the energy profile of the CO2U
project’s on-site electricity generation source shall be used to represent the proposed CO2U project design.
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Exhibit 2-10 demonstrates application of this guidance using an example coal-fired power plant as the CO, source and electricity
as the co-product. In this case, flue gas from a power plant is diverted for downstream utilization, no large-scale changes to the
power plant occur and it will continue to produce the same amount of electricity, at the same production cost. (Therefore, its
behavior in the electricity market remains unchanged.) Both the greenfield plant and existing plant options for flue gas diversion are
modeled and compared in the same manner when applying system expansion within the LCA modeling approach. The Proposed
Product System shall include a power plant with flue gas diversion, while the Comparison Product System shall contain the same
power plant without flue gas diversion.

EXHIBIT 2-9. CO-PRODUCT(S) SUB-SYSTEM FOR CO, FROM FLUE GAS

Upstream CO, in Proposed Product System

Emissions

Emissions

Flue Gas, to CO2U project

Raw

UPSTREAM Materials C0O2 SOURCE
PROCESSES PLANT Co-product(s)

v

Co-productin Comparison Product System

Emissions Emissions

Raw

UPSTEAM Materials  igeyR~oll]:la
PROCESSES PLANT Co-product(s)

v

EXHIBIT 2-10. EXAMPLE COAL-FIRED POWER PLANT SUB-SYSTEM FOR CO, FROM FLUE GAS
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21.5.2 CAPTURED CO, OPTIONS

The captured CO, option in Exhibit 2-6 includes three unique sub-options that require different treatment while analyzing life cycle
emissions. This includes two scenarios where CO, is separated from the flue gas stream and compressed by retrofitting an existing
plant with necessary technology after the point of initial construction and commissioning (i.e., retrofit plant), and a third scenario
where CO, capture and compression are designed and installed prior to the commissioning of the plant (i.e., greenfield plant). The
amount of product(s) that must be accounted for as co-product(s) in captured CO, scenarios depends on technology of CO, source.
For example using a coal-fired power plant, the amount of electricity that must be accounted for as a co-product in captured CO,
scenarios depends on the generation technology as shown in Exhibit 2-11.

EXHIBIT 2-11: ELECTRICITY GENERATED PER UNIT OF CO, CAPTURED

POWER PLANT ELECTRICITY CO-PRODUCT
TYPE (kWh/kg CO5)
SCPC 114
SubPC 110

The following scenarios discuss different options to define the Comparison Product System for CO, sourced from either a greenfield
power plant or a existing/retrofit power plant equipped with carbon capture technology. The last scenario discusses CO, sourced
from “non-power plant” sources such as industrial operations and direct air capture systems, for example.

Comparison Product System Definition for CO, Sourced from a Greenfield Power Plant Equipped with Carbon Capture
Technology

In the scenario where a new power plant with carbon capture technology is built that provides CO, for utilization, it is important to
understand if the power plant would have been built in the Comparison Product System, and if not, what would have otherwise been
built in its place (see Exhibit 2-12). Therefore, it is necessary to determine the long-run marginal cost alternative(s) that would
have been selected by the market as capacity additions if the Proposed Product System did not result in the commissioning of the
greenfield power plant equipped with carbon capture technology. This approach is modeling the consequences of the decision to
implement the proposed CO2U project. The following describes how to determine the long-run marginal cost alternative of large-
scale electricity capacity additions in the United States.

EXHIBIT 2-12. ELECTRICITY SUB-SYSTEM FOR CAPTURED CO, FROM GREENFIELD POWER PLANT
Upstream CO; in Proposed Product System

Emissions Emissions

CO,, to CO2U project
COAL COAL >
MINING POWER
AND PLANT Electricity
TRANSPORT (GREENFIELD)

v

Electricity Co-product in Comparison Product System
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Capacity expansion models are typically used to develop projections of future electric capacity and transmission. Similar estimates
are developed in large-scale energy economic models (that use lower-resolution representations of the power sector), for example,
the U.S. Energy Information Administration’s (EIA) National Energy Modeling System (NEMS). If a new coal plant with carbon capture
technology (to provide CO, for utilization) were to be built instead, some capacity additions in the Comparison Product System would
likely be avoided/displaced. To generalize, the Comparison Product System shall be informed by projections from existing capacity
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expansion models or energy-economic models, for the proposed deployment year in the future (e.g., 2025). In the Proposed
Product System, a new coal plant with capture would be included in the power system, but some power plants would be excluded,
as determined by cost-optimal solutions.

Without specific knowledge of the exact technology replacement (e.g., coal with carbon capture technology displaces a similar-
sized facility of some technology), it is recommended that the Comparison Product System represent a weighted mix of technology
capacity additions expected to be deployed in the year of study. LCI data for the Comparison Product System electricity product
is based on the 2019 EIA Annual Energy Outlook Reference Case capacity expansion scenario.[6] Those data are provided in the
accompanying NETL CO2U openLCA LCI Database in five-year increments by North American Electric Reliability Corporation
(NERC) region. See Exhibit 2-13 for a map and list of the NERC regions.

EXHIBIT 2-13. NERC REGION MAP* [3]

NERC REGION ACRONYM  NERC REG